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I Abstract

Refractory metals and intermetallic alloys are important in high temperature aerospace
systems where deformation must be maintained at a low level. This DEPSCoR project was
devoted to the processing such single crystals, joining of these crystals and fracture analysis of
the interface. Advances have been made in these three areas, especially in the processing of
single crystals with enhanced mechanical properties. An electron beam float zone melting
method was used successfully to fabricate single crystals based on three alloy systems: Ni;Al,’
molybdenum alloys and tungsten alloys. Due to the complex Ni3Al phase diagram, slight
variations in the compositions resulted in significant difference in the growth characteristics. In
the case of molybdenum alloys, the ease of single crystal formation depends on the selection of
the solutes and their concentration. Little difficulty was encountered when growing the Mo-Nb
alloys. The ease of crystal growth in the Mo-Nb binary system was attributed to the small two-
phase region and the complete solubility of Mo-Nb. The growth characteristics are in accord
with the interface stability criterion of a planar interface. Optimum scan rates were determined
based on the compromise between the ease of single crystal formation and solute segregation. In
the case of tungsten alloys, the W-Ta system with 5%Ta was selected based on compatibility
criteria. Single crystals of W-Ta were successfully processed. Detailed characterization of the
processed materials was conducted using x-ray Laue diffraction and electron- and optical
microscopy. Mechanical properties were determined as a function of temperature for all three
alloy systems. The strength and ductility of Ni3Al are superior compared to the polycrystalline
state with little effect of oxidation indicative of the enhanced properties due to the absence of
grain boundaries. Creep resistance in the molybdenum is enhanced by the addition of solutes in
agreement with solution strengthening model based on solute size effect. Hafnium exhibits
better strengthening effects in molybdenum relative to niobium due to the larger solute-solvent
atomic size misfit. Results from this study confirm that the creep behavior in solution
st:engthened molybdenum single crystals corresponds to the Class II alloys as defined by
Sherby and Burke. In addition, the creep response of these single crystals was found to be
governed by the average nearest distance between the strengthening solute atoms in the lattice.
In the case of W-Ta single crystals, the creep rates of the alloy single crystal were found to be
three orders of magnitude lower than the pure tungsten crystals over a wide range of temperature.
These results are also in agreement with the solution strengthening model.

Results with the in-situ NiAl — Mo bonds were generally encouraging. However, the
process needs to be carefully controlled for the following reasons: i) some superheat above the
eutectic temperature is desirable for wettability, but if this is excessive then melting of the bulk
NiAl will occur and ii) melting will take place readily as soon as the eutectic temperature is
exceeded so only a very short bonding time is required. To employ the interferometry method
for fracture analysis, it was necessary to fabricate joints of particular configurations. The joining
task described above was unable to provide the sample needed for this analysis. The emphasis
was therefore changed to develop the technique using a standard bimaterial configuration based
on copper, solder and aluminum.




II. Introduction

The performance of many aerospace components and energy/power systems can be
improved with the development of such materials. The efficiency of energy systems usually
increases with increasing operation temperature, which is commonly limited by the availability
of suitable high temperature materials. The absence of grain boundaries in the single crystalline
structure and the presence of strengthening solutes (in the case of alloys) have been found to
result in significant improvements in high temperature strength and long term microstructure
stability in this class of materials. These attributes are crucial for long duration operation at
elevated temperatures. Many advanced energy systems require components that can sustain high
temperature operation with minimal deformation over long periods of the time. For instance,
fuel elements used in thermionic system for direct thermal to electric power conversion must be
able to withstand a stress greater than 10 MPa at temperatures as high as 2000 K over lifetimes
of over seven years [1]. Results show that these single crystals possess significantly enhanced
creep resistance compared to their polycrystalline counterpart [2-3]. This is due to a
combination of more stable microstructure, presence of strengthening solute atoms and the
absence of grain boundaries in the single crystalline structure. The steady state creep rate of
these thermionic fuel elements must be kept at a minimum by the use of appropriate high
temperature structural materials. Traditional superalloys and polycrystalline refractory materials -
in their polycrystalline form do not possess the high temperature creep resistance and
microstructural stability necessary to meet these requirements. The processing of refractory
metal single crystals has been the subject of investigation at Auburn University in an attempt to
develop innovative methods for fabricating such materials. This AFOSR project has
concentrated on three materials with progressively higher operating temperatures: NizAl,
molybdenum based alloys and tungsten based alloys.

During this project, progress has been made in the processing of refractory alloy single
crystals, high temperature mechanical property testing of the alloys, joining and the development
of a strain gage method for measuring fracture parameters in bimaterial systems subjected to
transient loading. Progress can be categorized in three main areas: (1) processing of refractory
" single crystals of molybdenum and tungsten, (2) joining of molybdenum single crystal to
intermetallic alloys, and (3) fracture analysis. This report will be divided into these three
categories.




IIL. Results and Discussion
IIL.1. Processing of Single Crystals
II1.1.a. Basic Experimental Techniques

Electron beam zone melting is a well-known method for preparation of refractory metal
rods and tubes [4-9] and was the method employed in this study. A schematic of the electron
beam gun used is shown in figure 1. ‘A pair of fucussing plates were used to obtain a thin molten
region. The filament was set near the lower focussing plate to provide a path for the metal vapor
evaporated from the molten zone to escape thereby minimizing the out-gassing problem. The
quality of the single crystals depends on the composition of the raw materials, the gas content in
the initial materials, the number of scans and the final scan rate. Since the alloys developed in
this study were not commercially available, all alloy rods were prepared by a powder metallurgy
method. This research investigated the effects of both scan rate and scan number on single
crystal formation and solute distribution. The chamber of the growth facility was evacuated by a
cryopump and was maintained at a base vacuum of 10" Pa prior to heating. The maximum
pressure of the chamber was 10™ Pa during the growth process due to out-gassing of the rods and
the wall of the hot chamber. Although the chamber wall was actively cooled by water, radiative
heating from the specimen at the center of the chamber resulted in an equilibrium chamber wall
temperature of about 350 K. The heat source for the specimen was an electron beam from a 20
kV DC power supply with a current capacity of 1 A. The rod was driven along its axis using a
servo motor and a set of threaded rods converting the circular motion of the motor into a linear
movement. The electron beam gun was held stationary. Out-gassing of the dissolved gases and
evaporation of the metal vapor from the molten zone caused serious ionization problems leading
to severe power output fluctuations. An emiss n current control system was incorporated to
compensate such fluctuations.

For microstructural analysis, thin disks were cut near the end of the rods. The
microstructure of the samples was analyzed using optical microscopy and scanning electron
microscopy. Laue back diffraction patterns of the samples were obtained using a 30 kV - 30 mA
x-ray source at a 30 mm stand-off distance. The identification of the formation of single crystals
was accomplished by confirming the lack of high angle grain boundaries and Laue diffraction
patterns obtained at several locations along the scan direction
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Figure 1. Photograph showing the basic structure and components of the electron gun used
in the float zone method

I11.1.b. NizAl

Copley and Kear [10] have grown single crystals of off-stoichiometric Ni3Al, which
compositions were about 77.4 at.%Ni and 22.6at.%Al. The melt was poured into a preheated
alumina mold and solidified from one end by gradient cooling. Most Ni3zAl single crystal were
grown using modified Bridgman techniques [11-14] and the horizontal zone melting method [15]
in an argon atmosphere or vacuum. The alloys with compositions below the eutectic
composition of 24.2 at.%Al can be processed into the single crystalline structure easier compared
to the stoichiometric alloy. This is because cored structures are for.ned 'with gamma ()
dendrites which transform upon further cooling to a y+y’ mixture. S*vichiometric or Al-rich
Ni;Al solidify dendritically with the formation B-NiAl occurring first. The precipitate §-NiAl
suppresses the grain growth of y’ (NizAl) perpendicular to the growth direction, resulting in the
columnar structure of Ni;Al [16]. This complex microstructure evolution may be responsible for
the difficulty in growing single crystals of stoichiometric NizAl.

The objective of this research was to investigate the effects of two parameters, superheat
and growth rate, on crystal growth processing of binary Ni3Al alloys. Results will contribute to
selecting the optimized processing parameters for growing NiszAl single crystal, and generate
single crystalline intermetallics for joining study.

Three compositions of NizAl (with 23.5 atomic % Al, 24.0 atomic % Al and 25.0 atomic

% Al) were examined. An 8-mm alumina tube with a conical tip was used to initiate the growth
process. These three compositions were selected due to their relative positions in the phase
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diagram. The Ni-Al system in the vicinity of Ni3Al consists of a eutectic reaction at 24.2% Al
and a peritectic reaction with a peritectic composition at about 25% Al. Therefore the growth
characteristics may be considerably different with small variations in composition. The crystal
growth characteristics of the three alloys were investigated in terms of solidification rate and
superheat temperature

The first several attempts were also made to grdw NisAl crystals using pure nickel single
crystal seed and Ni3Al bicrystal seed without the use of any crucible. The Ni;Al specimen rods
were directly heated by electron bombardment. The temperature reading from molten zorc
(measured directly using the two-color pyrometer) was between 1750 K and 1770 K. The scan
speeds were varied between 15mm/hr and 30mm/hr. No single crystal was obtained using this
direct heating technique. A unidirectional solidified microstructure similar to that observed by
Hirano [16] was found. This indicates that the unstable and small size of the molten zone
generated by the direct bombardment of the focused electron beam prevents the formation of
single crystalline.

Following the first set of failure, a decision was made to growth the crystals in a crucible
made of alumina. The alumina tube was enclosed in a molybdenum tube which served as the
susceptor for the electron beam gun. The thickness of the molybdenum susceptor is 1.5mm and
thermal distribution. To study the effect of superheating, a constant withdraw speed of 15mm/hr
was used. It was found that the optimum superheat for crystal growth depends on composition.
A second series of experiments were conducted to study the effect of growth rate under the
optimum superheat condition. In these experiments, scan rates of Smm/hr to 75mm/hr were .
used. ‘

The quality of crystal is defined as reciprocal of grain density. A single crystal would
therefore have the highest quality. In this series of experiments, a constant withdraw speed o.
15mm/hr was used for different melt temperatures. The objective of this study is to determine
the optimum superheat and its dependence on composition. Table 1 summarizes the results of
this set of experiments. Ni3Al binary alloy crystals with three compositions examined have
different microstructure morphologies. NizAl with 23.5% Al possesses large amount of
dendrites comparing with the other two compositions. Stoichiometric NizAl (25%Al) has the
fewest amounts of dendrites and also has different types of dendritic morphology. These
morphologies are related to the shape of the phase diagram. NizAl with 23.5% Al has the largest
temperature difference between the liquidus line and three-phase reaction temperature compared
to that for the alloy with 24% Al and 25%Al. This implies that the 23.5% Al alloy possesses the
widest mushy zone. This feature enhances dendritic growth resulting in the observed structure.
Such morphology at liquid/solid interface is not favorable for producing a single crystalline
structure. However a high degree of superheat will lead to a large temperature gradient at
liquid/solid interface resulting a reduction in the mushy zone. This implies that the optimum




superheat for single crystal growth in the alloy with 23.5% Al should occur at the largest
superheat amongst the three compositions studied. This is in agreement with the experimental
findings given in Table 1.

Table 1: Summary of Results for Optimum Superheat

Comp ) ) Superheat Temp Range Optimum* Superheat Temp
(%AI) Melting Point (K) ) Range (K)

23.5 1663 31-363 200 - 300

240 1658 22 -311 35-115

25.0 1683 7 — 406 40 - 140

*Optimum Superheat Range Temperature is defined as the range of superheat that results in a
>50% probability of producing single crystal using a scan rate of 15mm/hr.

Using the optimum superheat obtained in the above section as a guideline, a series of
experiments were conducted to determine the optimum growth rates for the three compositions.
Table 2 shows the results of this set of experiments. The step size used in the experiments is
Smm/hr. Results show that the optimum growth rate is relatively independent of alloy
composition and is between 15 and 30 mm/hr. These results are in good agreement with two
studies by Hirano and his colleagues [16]. They determined that best cooling rates for
unidirectional solidification of stoichiometric NizAl were 13mm/hr and 25mm/hr.

Table 2: The Optimized Growth Rate for Ni;Al Crystals

Com Growth Rate Range timized

(%Alr; (mm/hr) ¢ Range of Superheat (K) Growth Rczjlfe Range (mm/hr)
23.5 10 -45 220 - 250 1535

24.0 5-35 140 - 150 15-25

25.0 15-75 80 - 100 15-40

Different compositions produce different microstructures. Difference in the cooling
temperature history will also produce different microstructures for the same alloy composition.
The NiszAl binary alloys, 23.5 at%Al, 24 at.%Al, and 25 at.%Al, show quite different
microstructures, which are shown in figures 2 to 4. In those figures as well as in other
microstructure photographs, R represents crystal growth rate, G represents temperature gradient
at liquid/solid interface. The eutectic microstructure of NizAl (24 at.%Al) is shown in figure 5.




From the microstructures, NizAl with 23.5 at.%Al has a thicker dendrite skeleton than the Ni;Al
with 24 at.%Al, while NizAl with 25 at.%Al, which is a stoichiometric compound, has a different
dendrite morphology from the other two alloys. According to the Ni-Al phase diagram, the
initial y phase will precipitate first from the melt when the temperature meets the liquidus for
hypoeutectic alloys with 23.5 at.%Al and 24 at.%Al. The alloy with 23.5 at.%Al is little further
away from the eutectic point than the 24 at.%Al,and so has a thicker dendrite skeleton.

The 25 at.%Al Ni13Al alloy can be readily distinguished from the other two alloys, as y
phase precipitates from ihe melt first when solidification begins, producing a different dendrite
morphology. Although these three alloys are all in the y’ phase region below 1000 °C, dendrites
will not disappear under non-equilibrium conditions because solid diffusion takes place too
slowly. Annealing heat treatment may remove the dendrite y and produce single phase y’
(Ni3Al), but it is difficult to resolve the y phase due to its large difference from the y’ phase
composition and crystal structure, which  has B2 structure and y’ has L1, structure.

The microstructure of NizAl (25 at.%Al) from electron beam zone melting without a
crucible is shown in figure 6. The temperature of the molten zone was measured to be 1480 °C
by a pyrometer. At the steady crystal growth stage, y’ precipitates from the liquid, which is a
product of a peritectic reaction. If the growth rate was increased suddenly or instabilities arose
in the molten zone, a band of  phase was formed which is shown in the microstructure.
However, the p phase always existed during crystal growth. Figure 6 also shows that the crystal
started to grow from a bicrystalline seed. At the beginning it retained its bicrystal form, but after
a short period of growth, extra grain boundaries appeared. It shows that multigrains appeared
even when the solidification originated from a bicrystalline seed. The aluminum concentration
redistribution along the growth direction was measured using SEM/EDS and a typical result is
shown in figure 7. The p.ofile indicates that the solidification remained in a steady state during
processing, and the initiai transient stage and final transient stage were short compared with the
steady stage. ’

In summary, optimized crystal growth parameters for Ni;Al with three different
compositions, 23.5 at.%Al, 24 at.%Al, and 25 at.%Al, were obtained under the specific
solidification conditions. The optimized superheat ranges for these three different alloys are 200
to 300 °C, 35 to 115 °C, and 40 to 140 °C, respectively. The optimized growth rates for these
three alloys are 15 to 35 mm/hr, 15 to 25 mm/hr, and 15 to 40 mm/hr, respectively.




Figure 3. Ni3Al (24 at.%Al) microstructure.
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Figure 6. Microstructure (etched) of Ni;Al (25 at.%Al) which originated from a
bicrystalline seed using direct electron beam zone melting.
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Figure 7. A profile of aluminum concentration along crystal growth direction (25 at.%Al
alloy, R = 15 mm/hr, G = 20 °C/mm, melt temperature = 1527 °C).

II1.1.c. Molybdenum Based Alloys

A detailed study of the growth characteristics of molybdenum-based single crystals using
the electron beam float zone technique was completed. Single crystalline alloys of Mo-Nb, Mo-
H¥, and Mo-Hf-C were successfully fabricated and an analysis for the two binary systems was
conducted. The compositions of the alloys investigated in detail are given in Table 3. Scan rates
of 11, 22 and 55 mm/h were used to determine the effect of growth rate (and its dependence on
alloy composition) on single crystal growth characteristics. These three scan rates correspond to
the optimum range that the facility is capable of providing. Results show that it is significantly
easier to form single crystals from the Mo-Nb system compared to the Mo-Hf system. For
example, single crystals of molybdenum alloys with up to 11% Nb can be formed even at a high
scan rate of 55 mm/hour whereas a very low rate of 11 mm/h is required to form single crystals
of Mo with only 2% Hf. In addition, the maximum scan rate for single crystal formation
depends on the alloy composition in a reverse manner; high alloying contents lead to slower scan
rates. The critical scan rates for Mo-1%Hf, Mo-2.75%Hf and Mo-3.71%Hf-1%C were found to
be 55 mm/hour, 22 mm/hour and 11 mm/hour respectively. Solute segregation was present
along the scan direction due to the zone refining effect. Reduction of this solute segregation can
be achieved by either using high scan rates or stirring the molten zone by rotating the two
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segments of the rod (above and below: the molten zone) in opposite directions [17]. Since the
Jatter method was more difficult to achieve in a high voltage environment, the fast scan rate
approach was chosen. In addition, out-gassing of the samples was a serious problem due to the
5% porosity in the raw materials. The zone scan speed had to be kept sufficiently low to
facilitate proper degassing of the samples during melting and to maintain a stable liquid-solid
interface. Multiple zone passes were needed to further minimize the out-gassing problem in
order to obtain the single crystalline structure. However, the amount of material loss due to
liquid phase evaporation is affected by the number of scans and the scan speed. Therefore,
optimum procedures for specific alloy compositions had to be determined experimentally.

An analysis developed by Biloni [18,19], based on the requirement of maintaining a
planer interface during zone scanning, was conducted on the results obtained. Applying this
model with parameters corresponding to the experimental conditions used, we arrived at the
following inequity to describe the maximum scan rate possible for the growth of single crystals:

(TKATK) / (Ks+Ky) > -my C o (1/8,+1)(V/Dy) exp(-Vxads/Did)) (D

where T's and I; are temperature gradients in the solid and liquid phases, K, and K; are thermal
conductivities in the solid and liquid phases, m; is the slope of the liquidus line, C, is the solute
concentration, &, is the equilibrium partition coefficient, V is the growth rate (scan rate), D, is the
diffusion constant of the solute in the molten zone, ¥4 is the size of the diffusion boundary layer
ahead of the interface d; and d; are the densities of the solid and the liquid phases. When
considering the molybdenum-based systems (Mo-Nb and Mo-Hf), it is reasonable to assume that
all the parameters are the same except my, C, and §,. The experimental parameter of interest here
is the term V, the maximum scan rate for single crystal production (or to maintain a planer
interface). Figure 8 sl.ows a comparison of the calculated maximum scan rate as a function of Hf
content with experiniental data. According to this analysis, there is a good general agreement
between the model prediction with observation. The model slightly overestimates the maximum
scan rate condition, which is likely due to the disturbance of the growth process as a results of
out-gassing of the materials which the model does not account for. The difference between Mo-
Nb and Mo-Hf is in the terms m; and £,. Both m ; (the liquidus slope) and &, (the equilibrium
partition coefficient) depend on the shape of the phase diagram. The values of m; for Nb and Hf
in Mo are -1.3 and -4.5 K/%solute, respectively. The &, values for Mo-Nb is approximately 0.43
whereas that for Mo-Hf is about 0.16. Based on these parameters, the maximum scan rate for
growing Mo-Nb single crystals is approximately seven times that for Mo-Hf. This is shown in
figure 9 which clearly indicates that even at a high scan rate of 55 mm/h, the condition is
appropriate for the formation of single crystals for molybdenum even with 11% Nb.
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Table 3. Composition of the Molybdenum-Based Alloys Investigated

Nominal Composition (Atomic Percent)

Mo-2%Nb

Mo-11%Nb

Mo-11%Nb-0.18%Hf-0.43%C

Mo-018%Hf-0.43%C

Mo-0.8%Hf-0.43%C

Mo-1%Hf

Mo-2%Hf

Mo-2.5%Hf

Mo-2.5%Hf-10%Nb

Mo-2.75%Hf

Mo-3.7%Hf-1%C

Mo-10%Hf-2%C

Mo-15%Hf
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The surface morphology of the processed crystals depends on the quality of the growth.
Normally a smooth surface was obtained when the growth condition is appropriate for single
crystal formation whereas a “layer”-like surface structure is associated with a polycrystalline
structure. This is illustrated in figures 10 and 11. Figure 10 corresponds to Mo-2%Hf scanned at
a low rate of 11 mm/h forming a single crystalline structure whereas figure 11 was taken from
the same alloy but processed at a higher rate of 55 mm/h resulting in a polycrystalline structure.
The single crystalline structure exhibits a much smooth surface morphology compared to its
polycrystalline counterpart. ‘

Chemical analysis based on the energy dispersive technique was conducted on all the
specimens processed. No composition segregation (or variation) was found in the radial
direction in any of the as-grown crystals. However, composition variations were observed along
the scan direction. The composition profile (for Hf) of a Mo-3.71%Hf-1%C single crystal as a
function of axial position is given in figure 12 showing a slight increase in Hf content with
growth as expected. The degree of zone refining is relatively small and does not lead to a
significant change in the overall composition in the Mo-Hf system. No segregation effect was
observed in the Mo-Nb system. This is due to the difference in the phase diagram between Mo-
Nb and Mo-Hf in that the two phase region in the Mo-Nb system is smaller.

In summary, three types of alloys, Mo-Nb and Mo-Hf and Mo-Hf-C, were successfully
grown into single crystals using an electron beam zone melting method. The growth
characteristics were found to depend on the size of the two phase region of the material systems
selected. Experimental results show that it is easier to grow single crystals of Mo-Nb compared
to Mo-Hf and Mo-Hf-C due to the smaller temperature difference between the solidus and the
liquidus lines in the former and complete solid solubility between Mo and Nb. For molybden.im
alloys with up to 11% Nb, a high scan rate of 55 mm/hour was found to be capable of producing
satisfactory crystals. For Mo-Hf, the optimum scan rate depends on the Hf content in an inverse
manner: higher Hf contents require slower scan rates. The maximum Hf content in Mo-Hf alloys
was limited to about 5% beyond which single crystals could not be formed regardless of the scan
rate employed. Segregation of hafnium was observed along the growth direction and factors
controlling such an effect were examined. Experimental results based on a compromise between
solute segregation and ease of crystal formation suggest that the optimum scan rate for Mo-Hf to
be 22 mm/hour.
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Figure 10. Surface morphology (smooth) of a Mo-2%HI{ single crystal grown at a rate of
11mm/h.
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Figure 11. Same as figure 10 but for a polycrystal grown at a rate of SSmm/h. Notice the
rougher surface morphology compared to the single crystal.
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Figure 12. Concentration profile for Hf showing slight segregation due to zone refining.

III.1.d. Tungsten Based Alloys

The feasibility of processing tungsten alloy single crystals was examined. The first task
at hand is to determine the appropriate strengthening agent for tungsten. Tungsten with 5%
tantalum was selected based on the following justifications. The growth characteristics and the
creep properties of alloys depend on the following parameters with the preference indicated: (1)
Crystal structures of the solute elements (similar structure is preferred), (2) Difference in the
melting temperature between solute and solvent (small temperature differential is preferred), (3)
Elastic modulus (larger modulus is preferred), (4) Atomic mobility (low mobility is preferred),
(5) Electron-atom ratio (high is preferred), (6) Atomic size difference (larger difference is
preferred), and (7) Vapor pressure (similar to W is preferred).

Based on criterier. 1, we have identified five possible solutes: Mo, Cr, Ta, V and Nb (or
Cb). All these elements are of the body-centered cubic structure (same as W). Although Re and
Hf are frequently used as modifier for W (Re for ease of low temperature processing and Hf as a
carbide former), we have excluded them for crystal growth due to the difference in their crystal
structure with W (Re is hcp and Hf is bee at high temperature and hep at low). The phase
diagrams for the two systems clearly indicate the complex phases that occur as a result of the
dissimilar crystal structures. Table 4 shows the melting temperature of the elements of interest,
including tungsten for reference. In terms of this parameter, Ta is most suitable and Cr is the
least.

Solutes with high elastic moduli and low atomic mobilities are in general effective in
improving the temperature creep resistance. In the case of refractory alloys, the trend of the

elastic modulus is:

W>Mo>Cr>Ta>V>Nb 2)
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Table 4. Melting Temperature of Elements of Interest.

Element Melting Temperature (°C)
W 3410
Ta 2996
Mo 2617
2468
A" 1890
Cr 1857

The diffusivity (D) versus T/Ty (Tu is melting point of metal in Kelvin) for those metals
changes in the following order [20, 21],

Ta=V >Nb=Mo>Cr>W 3)

If Ty is not considered as a factor (in terms of temperature only), the diffusivity of Ta is smaller
than that of Nb. Diffusivity is a function of temperature through the equation: D = D, exp (-Qs.p
/RT). The values of activation energy, Qseit.giffusions fOr Ta and Nb are 98.7 and 96.0 kcal/mole
respectively. The D, for Ta and Nb are 0.12 and 1.1, respectively [21]. Consequently, at the
high temperature of interest (above 1800°C), the diffusivity of Nb is at least ten times greater
than that of Ta, making Ta a good candidate > high temperature applications.

The rate of strengthening of niobium, tantalum, molybdenum, and tungsten by
substitutional solutes is related primarily to the increase in electron-atom ratio. The valence
electronic structure of Ta is 5d° 6s? and that of Nb is 4d* 5s'. The other solute elements have
similar electronic structures and therefore the role of electron to atom ratio is not important in
this consideration.

Size effect also plays a role in solid solution strengthening. The direct interaction
between solute atoms and dislocations is one of the factors which contribute to solid solution
hardening. The presence of a solute atom, different in size from that of the matrix, results in a
localized strain field. This strain field interacts with the strain field of the dislocations resulting
in restricted motion of the dislocations. The misfit parameter & is defined as '

8 = 1/a (92/dc) (4)
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where a is the lattice constant of the material. This misfit parameter is mathematically equivalent
to the linear size-factor, Isf:

Isf = 1/1,A(0ro/0c) ®)

where 1.4 is the Seitz radius and r, = (3Q/4m)". Table 5 gives the volume size-factor (Qsf),
linear size-factor and limiting concentration (cmax) obtained experimentally for some tungsten
alloys [22]. In this case, the larger the size difference, the more effective is the solute in
providing strengthening. Although the W-Cr has the highest misfit factor, Cr is not acceptable
due to other reasons. The W-Ta system is the next best system.

For ease of single crystal processing without significant loss of solute, it is important to
have the vapor pressure of the solute to be similar to that of tungsten at the melting point. The
vapor pressure of Nb is thirteen times higher than that of Ta in high temperature range [23]. The
vapor pressures of the solutes of interest at 3410°C (melting point of W) are given in Table 6.
Tantalum is the obvious choice.

Table 5. Size Parameters for the Alloys of Interest.

System Cmax (at.%) Qsf (%) 1s£(%)
W-Cr 20 21.73 -7.84
W-Mo 25 -1.55 -0.52
W-Nb 25 +7.33 +2.39
W-Os 7.5 -7.82 -2.68
W-Pt 4.0 2.71 -0.91
W-Ru 12 -5.35 -1.82
W-Si 20 +0.81 +0.27
W-Ta 45 +11.01 +3.54
WU 2.0 -0.82 -0.74
W-v 30 -10.60 -3.66
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Table 6. Vapor Pressure of Solutes and Tungsten at 3410°C.

Element Vapor Pressure (torr, mmHg)
W 0.01
Ta 0.05
Mo . 2.5
25
\Y% 700
Cr Beyond boiling point, above 1 atmosphere

As a result of the considerations discussed above, we have selected W-Ta to be the
system for further investigation. A concentration of 5 atomic % Ta will be used. This solute
level (up to 5%) is considered to be an optimum composition to retain the basic properties of
tungsten and fully utilizing the strengthening effect of the solute.

Having identified the W-5%Ta being the candidate material, a feasibility study was
conducted to determine the processing parameters to fabricate this alloy into the single
crystalline form. The electron beam zone melting method was used and single crystals of W-
5%Ta were successfully processed using a, growth rate of 11 mm/h. Scan rates faster than this
resulted in the retention of the polycrystalline structure. Figure 13 shows a photograph of a long
W-Ta single crystal (approximately 100mm long) processed in this project. ~Figures 14 and 15
show the back-reflection Laue patterns obtained from two of these single crystals in two differe.t
orientations (using the seeding technique): [001] and [111]. The composition of the grown W Ta
crystals is also very uniform with little sign of zone refining. This is illustrated in figure 16
which shows little variations in the composition (determined by EDS analysis) as a function of
growth direction. The deviation of Ta content (7 atomic percent) from the original composition
of 5 atomic percent is most likely due to the calibration problem of the semi-quantitative analysis
of the microscope.
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Figure 13. Photograph showing a W-Ta single crystal.

Figure 14. Back-reflection Laue for the W-Ta alloy in the [001] orientation.
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Figure 15. Back-reflection Laue for the W-Ta alloy in the [111] orientation.
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Figure 16. Composition profile of Ta as a function of growth direction determined for a
W-Ta single crystal showing little segregation.
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II1.2. Mechanical Properties
I11.2.a. Ni;Al

Mechanical properties (stress strain relationship) were determined for the Ni;Al single
crystals under two conditions: non-oxidized und pre-oxidized states. The purpose is to identify
the role of grain boundaries in this material. It is generally agreed that the lack of strength of
ductility in this material is due to weak grain boundaries. With the success in the processing of
single crystalline Ni3Al, it is possible to determine this effect by conducting tensile test of
crystals under these two conditions. The single crystalline Ni3Al materials were subjected to
tensile tests at room temperature and at elevated temperatures (from 500 °C to 900 °C) under a
protective argon environment. The specimens were preoxidized at 500 °C, 600 °C, 700 °C, 800
°C, and 900 °C for 24 hrs, which were the same temperatures as those used for the non-oxidized
specimens. The tensile tests for the preoxidized specimens were also carried out at the same
temperature. Ideally, a constant crystal orientation would have been used. However, the
orientation of the Ni3Al crystals could not, in practice, be controlled. Figures 17 to 19 show the
relationships for yield stress, ultimate stress and elongation of NizAl single crystals with
temperature, respectively. It is evident from these figures that the state of oxidation has
essentially no effect on the mechanical property of this material. This is indicative that the single
crystalline Ni3Al is not susceptible to oxidation confirming that the grain boundaries in
polycrystalline Ni3Al are the source of weakness in this material. Furthermore the strength and
the ductility of the single crystals are high compared to their polycrystalline counterpart in
agreement with weak grain boundaries. The fracture surface morphologies at different
temperatures were analyzed. All samples shew transgranular fracture (both unoxidized and pre-
oxidized states) in agreement with the mechaiucal property data.

In summary, preoxidized NisAl single crystalline materials possess anomalous yield
stress behavior. The yield stress peak temperature is about 700 °C. Preoxidized and non-
oxidized Ni3Al single crystalline materials do not have an obvious discrepancy in strength and
ductility. However, the strength of the non-oxidized Ni;Al single crystalline materials is slightly
better than that of the preoxidized ones, especially away from the yield stress peak temperature.
The ductility of nonoxidized samples is slightly lower than that of preoxidized ones.
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Figure 17. Yield stress of preoxidized and non-oxidized Ni;Al single crystal vs temperature.
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Figure 18. Elongation of preoxidized and non-oxidized Ni3Al single crystal vs temperature.
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Figure 19. Ultimate stress of preoxidized and non-oxidized NizAl single crystal vs
temperature.

I11.2.b. Molybdenum Based Alloys

Creep behavior of molybdenum based alloy single crystals at an elevated temperatice
(~0.6Tyy) was examined in this study. Grain boundary sliding is absent in solution strengthened
single crystalline alloys resulting in significantly reduced creep rates compared to their
polycrystalline counterparts. Hafnium exhibits better strengthening effects in molybdenum
relative to niobium due to the larger solute-solvent atomic size misfit in Mo-Hf compared to than
in Mo-Nb. Dislocation climb and viscous drag are two competing processes during creep. The
dominant creep mechanism depends on solute type, concentration and temperature. Results from
this study confirm that the creep behavior in solution strengthened molybdenum single crystals
corresponds to the Class II alloys as defined by Sherby and Burke. In addition, the creep
response of these single crystals was found to be governed by the average nearest distance
between the strengthening solute atoms in the lattice. Creep data show that the activation energy
for creep contains two contributions: the normal diffusion energy and an additional solute-related
energy which is proportional to the product (ne*cl/3) where n is the stress exponent, e* is the
atomic misfit factor and c is the atomic solute concentration. Results also indicate that for Mo-
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Nb, there is a transition from class II to class I behavior at a Nb concentration of about three
atomic percent.

Molybdenum-based alloy single crystals were prepared by using a high vacuum zone
melting technique with an electron beam heating source. Orientations of the specimens used in
creep testing were determined using the standard Laue back reflection method and results are
given in Table 7. The specimens were cylindrical in shape measuring 7 mm in diameter and 12
mm in length. Due to the small size of the grown crystals, it is not feasible to conduct the high
temperature creep tests in the tensile mode. Instead a Gleeble 1500 high temperature thermal
mechanical testing system was used to evaluate the response of the crystals in the compressive
mode. Compressive stress was applied in a hydraulic manner and the heating of the sample was
accomplished by passing a direct AC heating current through the sample. The temperature and
stress state of the sample were controlled automatically using the feedback loop of the control
and data acquisition system. The error in the load is £ 5 kg which corresponds to a relative
uncertainty of 3% at stress levels above 60 MPa. Creep rates at stresses below 10 MPa and at a
temperature of 1850 K were extrapolated by assuming that the creep behavior obeys a power law
within the stress range studied:

¢s=B o = A oll exp (-Q/RT) (6)
where A and B are constants related to material parameters and creep conditions, o is the applied
stress in MPa, n is the stress exponent, T is the absolute temperature, Q is the activation energy

of creep deformation and R is the gas constant.

For Mo and Mo-based alloys, Q has been previously determined for the polycrystalline

. structure and is on the arder of 408 kJ/mole [24]. Stress exponents, n, for creep at 1850 K and at

low stresses around 10 MPa for p01§rcrysta11ine Mo were found to be in the range of 4.4 ~ 5.5.
The creep rates are in the range of 106 ~ 10-7 s-1 [25-28] This corresponds to a class II
materials according to the creep classification by Shelby. For modeling creep in Mo-based
binary alloy single crystals, an activation energy of 413 kJ/mole was used in Equation 1, which is
the average value of 408 kJ/mole obtained by Belomyttsev [24] and 418 kJ/mole obtained by
Rhee [29]. Rhee [29] proposed that n for Mo-6%Nb was 3. Tachkova [30] presented that n for
Mo with less than 1.8%Nb, the stress exponent was 5.8, and this exponent decreased to 3 when
the Nb content was increased to 3%. Clearly, the creep mechanism in Mo-Nb alloys changes
from 5 (class II) to 3 (class I) when the Nb content was higher than 3%. One of the objectives of
this research is to determine the effects of solute additions on the creep mechanism in single
crystalline molybdenum, especially the range of composition in which the molybdenum alloys
behave as class II materials.
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Table 7. Orientation of the Specimens in the Loading Direction.

Specimen ID Composition Axis Miller Index (hkl)

" #2 Mo Polycrystal
#8 Mo-2.4% Hf Polycrystal
#13 Mo-14%Hf Polycrystal
#3 Mo (unalloyed) (0.12,0.24, 1)
#6 Mo-0.95%Hf (0.19,0.38, 1)
47 Mo-1.54%Hf (0.10, 0.62, 1)
#9 Mo-3.0%Hf (0.13, 0.17, 1)
#14 Mo-2.2%Nb (0.05, 0.09, 1)
#15 Mo-12.5%Nb (0.12, 0.52, 1)
#16 Mo-12.5%Nb (0.02, 0.50, 1)

The log &g versus logo plots for all the specimens are given in figure 20, where &g is the
steady state creep rate at 1850 K and o is the engineering stress in MPa. Creep rates of pure Mo
were higher compared to both single crystalline alloys and polycrystalline alloys, indicative of
the solute strengthening effect of Nb and Hf. It is also evident from the data that the
strengthening effect of Hf (for example specimen #6, Mo-0.95%H() is greater then that of Nb
(for example specimen #14, Mo-2.2%Nb). The n values (stress exponent which is related to the
slope of the lines) of these specimen are different, indicating that different creep mechanisms are
operative in these alloys.

The possible slip systems at high temperature for molybdenum single crystals were
{101}<111> [31], {211}<111> [?:] and {312}<111> [30]. One of the issues is the effect of
orientation on the observed creep response. The primary slip systems of the samples for
compression test are considered to be those that have the greater Schmid’s factors. The
Schmid’s factors of all specimen are listed in Table 8. The anticipated primary slip systems in
each specimen are listed in Table 9. Multiple slip systems might be activated simultaneously for
the specimens. According to the calculation, the maximum Schmid’s factor for each specimen
varied from 0.49 to 0.50, as indicated in Table 8. The effect of specimen orientation could
therefore be ignored.
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Figure 20. Stress dependence of creep rate at 1850K
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At near 0.6Ty,, unalloyed molybdenum specimens recrystallize during high temperature
creep testing due to a lack of strengthening sites. The deformation process occurs on highly
available primary slip planes resulting in higher creep rates. Due to the experimental limitation
and relatively high creep rates in pure Mo under this condition, only two data points were
obtained at a stress level of 15 MPa. The experimental error was high and these data obtained
should be used in comparison with other conditions and not be analyzed in absolute term. The
steady state (or minimum) creep rates in the ten materials studied were analyzed using a least
square fit method and results are summarized below:

#2 Mo, Polycrystal (PC) £s=5.8x10-11x 047 (s-1) (7
#8 Mo-2.4%HI, P.C. €s=3.6x10-12x 034 (s°1) (8)
#13 Mo-15%HTf, P.C. £s=3.0x 1013 x 034 (s°1) 9)
#3 Mo, S.C. £s=1.1x10-10x 4.7 (s-1) (10)
#6 Mo-0.95%HI, S.C. és=1.3x10-14x 047 (s (11)
#7 Mo-1.54%Hf, S.C. 6s=13x10-15x 047 (s-1) (12)
#9 Mo-3%HT, S.C. £s=5.6x 1016 x 04.7 (s-1) (13)
#14 Mo-2.2%Nb, S.C. £ =4.6x10-13 x 04.7 (s°1) (14)
#15,16 Mo-12.5%Nb, S.C €s=3.1x10-13x 034 (s°]) (15)

Table 8. Schmid’s Factors for Different Slip Systems

Specimen Schmid’s Factor for Slip Systems

ID ‘ : [111] [111]

o1 | @11 | A12) | G12) | @13) | oy | 211) | A12) | (312) | (213)
#3 046 | 030 | 0.49% | 037 | 0.49% | 048 | 036 | 0.46 | 0.42 | 0.48*
#4 044 | 030 | 047 | 0.40 | 0.48* | 0.49% | 0.41 | 044 | 046 | 047
#5 046 | 030 | 0.49* | 037 | 049 | 046 | 0.30 | 0.49% | 037 | 0.49*
#8 044 | 031 | 045 | 037 | 046 |049% | 042 | 043 | 046 | 047
#7 045 | 041 | 037 | 044 | 042 |049* | 047 | 038 | 0.49% | 043
#19 0.44 | 027 | 050% | 034 | 049*% | 046 | 034 | 046 | 039 | 047
#11 043 | 020 | 041 | 038 | 047 |049* | 045 | 040 | 0.48* | 045
#14 044 | 026 | 0.49*| 034 | 0.49% | 044 | 029 | 048 | 044 | 048
#15 047 | 039 | 042 | 043 | 045 |050% | 047 | 042 | 0.50% | 0.47
#16 0.49* | 0.42 | 042 | 046 | 046 | 0.49* | 043 | 042 | 0.48* | 046

* Indicates the maximum value of Schmid’s factor.
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Table 9. The Primary Slip Systems in Different Specimens

Specimen Primary slip systems
D [111] [111]
#3 (112), (213) (213)
#4 (101), (213)
#5 (112) (112), (213)
#6 (101), (213)
#7 | ‘ (101), (213), (211)
#9 (112), (213)
#11 (101)(312)
#14 (101) (312)
#15 (101),(312)
#16 (101) (101)(312)

A comparison of Equations 2 to 10 with the basic form of creep given in Equation 6
indicates that the creep constant B is reduced due to the presence of strengthening solute. The
absence of grain boundary in single crystals enhances the creep rate relative to its polycrystalline
counterpart by a factor of two. This indicates that grain boundary sliding is not an important
creep mechanism in this material, and creep in single and polycrystalline molybdenum is
essential the same. The small difference is due to the crystallographic orientation of the single
crystal (Schmid’s factor) and the random texture of the polycrystalline specimens.

Creep results show that Hf is a more effective strengthening agent than Nb in
molybdenum. Specimen #6 contains 0.95% Hf but shows a lower creep constant compared to
that of specimen #14 with 2.2%Nb. More effective strengthening effect of Hf was attributed to
its larger atomic-size difference relative to the solvent molybdenum matrix resulting in an
increase in the activation energy for creep deformation. The observed strengthening effect is
also related to the concentration of the solutes in the alloy.

In Mo-based dilute single crystalline alloys, the n values are all near 4.7. This indicates
that creep in these dilute alloy single crystals is of the class II type dominated by dislocation
climb. This is of course limited to the temperature and stress range examined. As shown in
Figure 21 (and Equations 7-15), lower creep rates can be achieved by increasing the Hf
concentration. A similar trend was observed in Mo-Nb. An analysis of the creep data was
conducted in terms of the solute type and solute concentration as outlined below.
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Figure 21. Enhancement in creep resistance with increasing Hf content.

According to the results shown in this study, Mo-Nb and Mo-Hf alloys with high
concentrations of solute behave like a class I material. However, at low solute contents, alloy
single crvstals of these systems exhibit class II creep behavior dominated by dislocation climb.
The tran.ition occurs at about 2 to 3 atomic percent. This process is controlled by the multiple
slip systems and the formation of dislocation network during creep deformation. The extra
activation energy E is considered to be proportional to the average nearest distance between the
solute atoms in the lattice space. Therefore, the concentration of solute should affect the creep
rate in terms of c1/3. According to the creep model proposed by Gao et al {32], steady state
creep in such alloys can be expressed in the following manners:

€s,alloy = €s,pure exp(-Kne cl/3/RT) (16)

where €5 a]loy and €s, pure are respectively the steady-state creep rates for the alloy and the pure
metal, K is a material constant which depends only on the matrix structure (a constant in Mo
alloys independent of solute type), n is the stress exponent for the creep process, € is the lattice
strain generated by the solute in the matrix, c is the atomic concentration of the solute of interest,
R is the gas constant, and T is the absolute temperature. In this model, the presence of alloy
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atoms *introduces extra energy for dislocation climb. These solute atoms act as obstacles
resulting in an additional activation energy, AE, for creep to the alloy. In order to verify these
models, the creep data of Mo-HF alloys were fitted with both c1/3 and ¢1/2 as proposed by Gao
[32]. The comparison of the fitting at 10 MPa is given in figures 21 and 22. Results show that
c1/3 provides a better fit to the data than the c¢1/2 approach suggesting that the strengthening is to
the solute atoms acting as obstacles for dislocations (the parameter cl/3 is related to the mean
distance between solute atoms). This observation indicates that the extra energy AE is associated
with the average distance between solute atoms in space.

In addition, the energy AE is also proportional to the atomic misfit between the solute and
the solvent atoms. This misfit is accounted for by the e term in Equation 16, can be expressed in
terms of the atomic size mismatch between the solute and solvent size (e) or the effective atomic
size difference (e*). The parameter ¢ is defined as |ra]loy-Tpurel/fpure Where the two r’s are the
effective radii of the atom in the alloy and pure molybdenum. Oikawa and Langdon [33] has
defined the parameter e* as (Q*g/Q A)1/3-1, where Qp* is the effective atomic volume of solute
atoms in the alloy, and QA is the atomic volume of solvent. The values of € and e* for the two
alloys are given in Table 10.

Table 10. The Values of e* and e for the Two Mo Alloys

Alloys e* (from ref 14) e
Mo-Hf Alloy 0.0794 0.137
Mo-Nb Alloy 0.0409 0.046

Using creep data (from the present study together with information in the available
literature) with the appropriate € and e* values shown in Table 10, the dependence of the creep
rate at the stress range of 10 to 170 MPa at 1850 K for Mo-Hf and Mo-Nb was determined to be,
Using e:

€s,Mo-Hf alloy = és,pure exp(-210000 n ey, cl/3/RT) 17)

£5,Mo-Nb alloy = &s,pure €xp(-210000 n ey, cl/3/RT) (18)
and using e*:

£s,Mo-Hf alloy = &s,pure €xp(-360000 n e* . ¢1/3/RT) (19)

éS,MO-Nb auoy = és’pure exp(-360000 n e*Nb C1/3/RT) (20)

Notice that in this formulation, the constant K is the same for the two alloy systems but are
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allowed to vary between the use of e versus e*. An analysis was conducted to compare the
fitting of the two approaches using e and e* to the experimental data. Results, shown in figures
22 and 23, clearly indicate that the e* parameter offers a more satisfactory fit to the data.
According to this analysis, creep of dilute binary Mo-based alloys exhibiting class II behavior
can be predicted by introducing an additional energy barrier with a magnitude of
360,000ne*c1/3. This additional energy barrier results in a reduction in creep rate according to
exp(- E/RT) relative to the unalloyed pure material.

In polycrystalline alloys (#8 and #13), the n value is 3.4 indicating that creep deformation
is dominated by grain boundary sliding which is faster than the dislocation climb and the
dislocation viscous drag process. The creep behavior for grain boundary sliding has been
modeled by Langdon [34] as:

€s,0bs = A(b/d)2(0/G)3-> @
& Tachkova
Belomyttsev, at 10MPa
1.0E-05 o yts
'5; X Liu, estimated value at
< 10MPa
] Modeling with e*
x
S
k-]
& 1.0E-07}
o
(]
ot
&)
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Figure 22. Fitting of the creep data of Class II alloys of Mo-Nb using the parameter e*
according to Equation 20.
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Figure 23. Fitting of the creep data of Class II alloys of Mo-Nb using the parameter e
according to Equation 18.

where G is the shear modulus and A is a function of stress concentration, triple point geometry,
Burgers vector, dislocation sources, shear modulus, diffusion coefficient, grain size and
Boltzmann thermal energy. A is a dimensionless constant. Based on the above equations, the
creep rate is inversely proportional to d1~2. The strengthening effects heavily depends on the
grain sizes. It is evident that the absence of grain boundaries in the single <iystal structure
significantly alters the creep mechanism resulting in higher stability.

Binary single crystalline Mo-Hf and Mo-Nb alloys possess significantly reduced creep
rates relative to the pure crystals and their polycrystalline counterparts. The strengthening effect
of solute depends on atomic size difference e* and the concentration. At solute concentrations
below 3 atomic percent, the creep behavior corresponds to that of Class II type alloys and is
governed by the average nearest distance between the solute atoms in the lattice space. A model
based on the presence of an additional activation energy for creep (AE) is used successfully to
explain the creep rates observed. The energy AE is proportional to the product of (Kne*c1/3),
where K equals to 360 kJ/mole for both alloy systems. The creep behavior in the alloys in the
polycrystalline state was found to be quite different than that in dilute single crystals. Grain

boundary sliding dominates in the polycrystalline alloys resulting in higher creep rate and a
lower stress exponent.
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II1.2.c. Tungsten Based Alloys

Mechanical properties of the crystals (both the alloy and unalloyed tungsten together with their
polycrystalline counterparts) were determined as a function of temperature. Table 11 shows the
test matrix employed. The strain rate change method was employed for most of the tests in order
to acquire the maximum amount of data from the limited number of specimens. Figure 24 shows
a representative plot for such a strain rate change test taken at 1873K for a W-Ta alloy with an
axial direction of [001]. The creep data obtained are summarized in figure 25 showing the
enhancement of creep resistance due to the addition of Ta in single crystalline tungsten. This
summary shows that the creep rates of the alloy are more than three orders of magnitude lower
than the unalloyed crystals. A modeling study (similar to that presented in the molybdenum
case) was conducted and results show that the strengthening effect of Ta can also be explained
by the proposed mechanism (see last section).

Table 11. Summary of Mechanical Property Tests Conducted*

Strain Rates (given in £) and Orientations (given in [hKI])
Test
Temp Tungsten W-Ta Tungsten W-Ta
Polycrystal Polycrystal Single Crystal Single Crystal
s 104l
Room €=10"s
[001], [011]
. £=10"s" £=10"" ¢=10"s" [111] £=10"s"
1000°C 106 13l r 16 131 s 106 103l
£=10"-10"s £=10"-10"s ¢=10"-10"s" [111] | [001], [111]
£=10"s" £€=10°-107s"! £=10°-10"s"
1200°C | é=10"" ©
gl s £=10°-107" [001], [111] [001], [111]
¢=10°-107s" ¢=10°-107"
1400°C | ¢=10°-10%" :=10-1075" ©
¢ s ¢ S [001], [111] [001], [111]
14l £=10"s" 1106 131 v 106 103a-]
1500°C 8 ‘10-38-1 2=5x10%"! €=10"-10"s €=107-10"s
£=10"s DN [001], [111] [001],[111]
£=10"'s
t 106103 2 —106.103c!
L600°C £€=10"-10"s £=10"-10"s
[001], [111] [001],[111]

*Two types of mechanical testing were conducted: constant strain rate and strain rate change. In
the latter case, the strain rates were increased in the range from 10 to 10757,
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Figure 25. Summary of creep data showing the enhancement of creep resistance in the
W-Ta alloycompared to unalloyed tungsten
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I1.3. Joining

Joining of refractory metals has been an important part of the project. Joining is required
for initial fabrication (since refractory metals are difficult to form to near-net shape) and for
bonding refractory metals to other high-temperature materials (e.g. structural intermetallics or
graphite, of which the former was examined in the project). If the industrial application of
refractory metals is to increase then joining will be required for both pre-service (e.g. casting
defects) and post-service (e.g. thzrmal fatigue cracks) repair.

Work on the joining of refractory metals has focused on the use of transient liquid phase
(TLP) bonding. TLP bonding employs a liquid forming interlayer, like brazing. However,
interdiffusion between the interlayer and the substrates, during bonding, has the effect of
inducing isothermal-solidification at the bonding temperature. Given a suitably prolonged post-
isothermal-solidification homogenization treatment bonds with microstructures, remelt
temperatures and mechanical properties similar to the parent materials can be produced.
Although diffusion bonds can also possess parent metal microstructures and properties, TLP
bonding (as a capillary joining process) offers a far greater degree of geometrical freedom in
joint design. Also, in cases where refractory metals are to be joined to other materials (e.g.
aluminide intermetallics) with highly stable oxide layers on the faying surfaces, TLP bonding has
a clear advantage over diffusion bonding. Diffusion bonding of metallic materials is crucially
dependent on the establishment of metal to metal contact at the bond-line and this is not possible
when continuous, stable oxide layers are present on the faying surfaces. In contrast, in TLP
bonding, faying surface oxide layers can be undermined, reduced and/or dissolved by
~ constituents of the interlayer (or by liquid oxides formed on some interlayers). Compared with
fusion welding, TLP bonding is a much less aggressive process and is therefore well suited to
damage sensitive materials, such as refractory metals.

Work conducted under the project has focused on the joining of polycrystalline
commercially-pure molybdenum substrates. The intent in this work was to develop TLP bonding
strategies using readily available and low cost polycrystalline material. However, the TLP
bonding technidues developed in this work are also well suited to use with single crystal
substrates and also to other refractory metals, such as tungsten. The primary objective of the
work on joining has been to develop techniques for bonding molybdenum to molybdenum.
However, a limited amount of research has also been undertaken on the joining of molybdenum
to structural intermetallic compounds.

During the initial stages of the project, a TLP bonding strategy that employed
commercially pure titanium as an interlayer was investigated for Mo — Mo joining. The
advantage of using pure titanium lies in the formation of a f—(Ti,Mo) body centered cubic solid
solution (figure 26), rather than undesired intermetallics, even if several atomic percent of
titanium remains present. In this case, once sufficient interdiffusion has occurred between the
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interlayer and the substrates, a continuous BCC solid solution will be present right across the
bond-line. Work conducted under this project indicated that p—(Ti, Mo) did indeed form readily
at the bond-line of Mo/Ti/Mo bonds held at 1700 °C. However, a relatively prolonged bonding
time was required to prevent entirely the formation of HCP a~Ti. This bonding time will be of
the order of tens or hundreds of hours, depending on the initial interlayer thickness (say from 10
to 100 um), since the interlayer thickness governs the amount of titanium that must be diffused
to bring the center-line composition within the solubility of Ti in Mo. These bonding times are
somewhat longer than would be desired, however, they do remain feasible industrially,
especially if thin titanium interlayers were employed. Furthermore, wettability in the Mo/Ti/Mo
bonds was excellent and pore-free joints are produced. Also, although this process was
developed for polycrystalline molybdenum substrates, it is equally applicable to single-crystal
molybdenum or tungsten (the latter in either single-crystal or polycrystalline forms). However,
the use of pure titanium interlayers does have a major disadvantage, namely that the melting
temperature of pure titanium (1670 °C) is well above the capability of commercial vacuum
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Figure 26. The Ti — Mo binary phase diagram [35]. The initial interlayer and
acceptable final center-line compositions and the minimum bonding-temperature
used with pure titanium interlayers are marked on the diagram.
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brazing furnaces. Thus, the high bonding temperature that is required when pure titanium
interlayers are used limits the commercial application of this approach to vendors with
specialized high-temperature vacuum furnaces. Thus, an effort was made to identify alternative
strategies for TLP bonding refractory metals.

In a different approach, the use of commercial Ni — 4.5 wt. % Si — 3.2 wt. % B
(designated by the American Welding Society as BNi-3) foil interlayers has been investigated.
These have the advantage that a low interlayer melting temperature allows bonding at only 1065
°C. However, molybdenum is a stable boride and silicide former and theie are numerous
different intermetallics in the Ni — Mo system. Thus, the production of fully homogenized joints
is challenging (and probably impracticable). Nonetheless, results from the project suggest that
the formation of undesirable intermetallics in these bonds is manageable to some extent. Note,
an alternative considered was the use of Fe — Si — B interlayers. However, this was rejected due
to the risk of the formation of the highly embrittling c—FeMo phase.

In response to the problems with joining molybdenum using either pure titanium or
commercial interlayers for high-temperature materials, the PIs have sought to develop an
alternate TLP bonding strategy for joining polycrystalline molybdenum. The aim of this activity
has been to substantially reduce the bonding temperature, whilst keeping the advantages of the
titanium interlayer approach. As in other work, attention has focused on polycrystalline
molybdenum substrates, however, as before, this work should also be applicable to single-crystal
molybdenum and polycrystalline or single-crystal tungsten. In selecting an interlayer material,
the following criteria were used:

¢ The major constituent of the interlayer should have a high solubility in the substrate.

e The interlayer should form a deep eutectic to allow the use ¢! a low bonding
temperature (preferably not above 1150 °C) .

e Systems forming very stable intermetallics should be avoided.

An extensive examination of binary and ternary phase diagrams was made, based on
the three criteria listed above. In searching for a suitable alternative to pure titanium, it became
clear that the most promising route was to employ a binary alloy consisting of titanium, plus a
melting-point depressant. Ideally, this melting-point depressant would have been highly soluble
in the molybdenum substrates, but a suitable candidate could not be found. Instead, nickel was
used as a melting point depressant to form a binary alloy with a composition of Ti — 25 at. % Ni.
Nickel forms a series of intermetallics with molybdenum and this alloy was the lowest nickel
composition at which a reasonable brazing temperature (1150 °C or below) could be obtained.
Although the Ti — Ni system is perhaps best known for the NiTi shape memory alloy, the region
of interest in the present work was the Ti — Ti,Ni eutectic found at the titanium-rich end of the
phase diagram (figure 27).
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Figure 27. The Ti— Ni binary phase diagram [35]. The composition selected as an
interlayer material and the range of required bonding temperature are marked.

Use of the Ti — Ti;Ni system makes a bonding temperature in the 1000 — 1100 °C
range practicable. The nickel solubility in molybdenum is very limited (see figure 28 for the Mo
— Ti — Ni ternary system). Thus the use of a relatively low nickel interlayer is important
(common interlayers for TLP bonding of high-temperature materials are nickel-based). Suitable
Ti — Ni foils are not available commercially and hence these have been produced in-house from
an arc melted precursor.
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Figure 28. Isothermal Section at 900 °C of the Mo — Ti — Ni ternary phase diagram [36].
The initial composition of the Ti — Ni interlayer and that of the substrate are indicated.

Following production of the Ti — Ni alloy by arc melting and after homogenization this
material was first slit and then ground to produce interlayers with thicknesses in the range of 50
— 100 pm. Bonding was conducted under a 107 torr, or better, vacuum at a temperature of 1050
°C. Bonding times ranging from zero (i.e. heat to the bonding temperature and then immediately
cool) up tc 150 hours were examined. A variety of post-bond heat-treatments with durations of
up to 1,0 hours at 1350 °C were investigated. Bonds were characterized by light microscopy,
scanning electron microscopy and energy dispersive X-ray spectroscopy. Figure 29 shows a
typical as-bonded sample; compare this with figure 30, which shows a similar bond after a post-
bond heat-treatment.

Initial results with the Ti — Ni interlayer were promising. An Mo — Ti solid-solution grew
from the substrates into the joint (figure 29) and the eutectic was gradually removed. However,
bonding times were fairly protracted with at least 20 hours at 1000 °C being required to complete
isothermal solidification for interlayers with initial thicknesses in the 50 to 100 pum range.
Further thermal exposure was then needed to complete homogenization. In case of the Ni ~ Ti
interlayers, the main problem was expected to be the bond-line nickel, since this has a low
solubility in molybdenum. Thus, it was necessary to reduce the bond center-line nickel content
if the formation of nickel — molybdenum intermetallics was to be avoided. It was found that
even prolonged holding at the 1050 °C bonding temperature was found to leave nickel-bearing
intermetallics at the bond-line. However the nickel-bearing intermetallics were removed by
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means of a post-bond heat-treatment at 1350 °C. Indeed, a combination of diffusion of
molybdenum from the substrates into the bond-line and diffusion of nickel in the opposite
direction left little detectable nickel at the bond center-line after a 100 hour at 1350 °C post-bond
heat-treatment. Far better results were obtained using the Ti — Ni interlayers than in the case of
commercial nickel-base brazing foils. In the latter case, not merely did extensive formation of
Ni — Mo intermetallics take place, but also thick layers of stable molybdenum borides and

silicides were produced.

In contrast to the ease with which the (relatively limited) amount of nickel present in the
bonds was diluted, the bond-line and adjacent substrates tended to remain titanium-rich after
bonding. Body centered cubic (BCC) molybdenum and the BCC B-titanium phase have complete
mutual solubility. However, at low temperatures, pure titanium forms a hexagonal phase (o—Ti).
In molybdenum-rich systems, a BCC B—(Mo, Ti) solid-solution is produced at all temperatures,
whereas in systems containing greater amounts of titanium a two phase o + B mixture is present
at low temperatures and single phase p is only observed at high temperatures.

Figure 29. Microstructure of an Mo / Ti — Ni/ Mo bond held for 20 minutes at 1,050 °C.
Notice the presence of large regions containing a variety of intermetallics bearing Ti, Ni
and/or Mo. Compare this with figure 30, which shows the effect of post-bond heat-
treatment at 1350 °C for 100 hours.
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In bonds subjected to post-bond heat-treatment at 1350 °C for 100 hours or more, the
bond-center line was found to consist largely of single-phase p—(Mo, Ti). However, some
precipitation of a~Ti was present at B — B grain boundaries and occasional intragranular o-Ti
deposits were observed (one of these can be seen in figure 30). Although this a~Ti precipitation
is not desired, the presence of this phase has far less damaging implications for bond mechanical
properties than would the presence of brittle (nickel-bearing) intermetallics. Isothermal
solidification of the bonds proceeds by epitaxial growth of p—(Mo, Ti) from the Mo substrates.
Consequently, with the exception of the o—Ti precipitates discussed above, the bond-line was
microstructurally similar to the bulk Mo substrates.

Figure 30. Microstructure of an Mo / Ti — Ni/ Mo bond held for 20 minutes at 1,050 °C
and then heat-treated for 100 hours at 1,350 °C, Natice that no nickel-bearing
intermetallics can be observed within the bond, altt.ough some deposits of o—Ti remain
present.

In summary, although the resulting bond-line microstructures are not completely identical
to the bulk substrates, the use of Ti — Ni interlayers appears to be an attractive route for TLP
bonding Mo using conditions that are attainable in commercial vacuum brazing furnaces. There
is scope in any future project for decreasing the bonding time required when Ti — Ni interlayers
are employed. Possible strategies to achieve this goal include the following:

e Use of relatively thin (< 50 um) Ti — Ni interlayers. This offers fairly easy control
over microstructural development. However, the Ti — Ni interlayers are quite brittle
and hence the scope for the production of thin interlayers is limited.

e Reaction of pure nickel and titanium foils (as an Ni/Ti/Ni sandwich) to produce the Ti
— Ti,Ni eutectic in-situ. This approach allows the use of relatively thin interlayers (5
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to 10 um in total), but will complicate microstructural development.

e A significant applied load could be employed with standard (~ 50 pum) interlayers to
extrude out excess liquid and hence decrease bonding times. This approach should be
easy to implement in the lab., but is not applicable to all commercial joint geometries.

In addition to work on the TLP bonding of Mo — Mo, the joining of Mo to the structural
intermetallic NiAl has been investigated to a limited extent. For this Mo — NiAl joining work, a
different approach has been employed. Here, no interlayer was used, as a liquid is formed in-situ
by virtue of the formation of an NiAl — Mo eutectic. The intent of this work is not to achieve
isothermal solidification. Instead, a layer of NiAl — Mo eutectic is left at the bond-line for the
following reasons:

e the presence of this layer will provide an intermediate coefficient of thermal
expansion (CTE) and other properties between the NiAl and the Mo substrates;

o NiAl — Mo eutectics offer far higher fracture toughness than single phase NiAl;

e the NiAl — Mo eutectic is very shallow and so the operating temperature of the joint
should be not much lower than that of the NiAl.

In any case, since the two substrate materials are effectively semi-infinite, prolonged
holding at the bonding temperature would only increase the extent of eutectic melting of the
substrates, rather than bringing about isothermal solidification. Thus, the in-situ bonding of NiAl .
— Mo remains a brazing (rather than a TLP bonding) process.

Results with the in-situ NiAl — Mo bonds were generally encouragin,.. However, the
process needs to be carefully controlled for the following reasons: i) some s':pé’fheat above the
eutectic temperature is desirable for wettability, but if this is excessive then melting of the bulk.
NiAl will occur and ii) melting will take place readily as soon as the eutectic temperature is
exceeded so only a very short bonding time is required. ' '
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I11.4. Fracture Analysis

To employ the interferometry method for fracture analysis, it was necessary to fabricate
joints of particular configurations. The joining task described above was unable to provide the
sample needed for this analysis. The emphasis was therefore changed to develop the technique
using a standard bimaterial configuration based on copper and aluminum.

I11.4.a. Elasto-Plastic Interfacial Crack Tip Deformations using Infrared Interferometry

An infrared interferometer capable of performing real-time, full-field, non-contacting
deformation field measurements on ‘optically-rough’ surfaces has been developed for elasto-
plastic fracture mechanics investigations in bimaterial beams. The choice of the infrared
wavelength allows high sensitivity interferometric measurements on fracture samples with little
or no surface preparation and is more tolerant of the damage accumulation near the crack. The
interferometer also bridges a sensitivity gap among existing techniques for out-of-plane
displacement measurement. These features are essential for investigating failure of dissimilar
material interfaces at elevated temperatures.

First, the range of surface roughness that can be studied using this interferometer is
examined. Fringe contrast in excess of 0.5 can be realized with surfaces with roughness
parameter & = 0.8 um (or, & /4 =0.08) while fringe contrast in excess of 0.8 can be obtained
with roughness of & = 0.35 um (or, 6/4=0.03). In fact, the latter is shown to be easily
achievable simply by polishing the sample surface with a #600 (mean grit size 15 pm) fixed
abrasive. The proposed interferometer bridges the sensitivity gap between the visible light
Twyman-Green interferometer (sub-micron sensitivity) and shadow/projection moiré methods
(25-50 pm/fringe) used for mapping out-of-plane deformations.

Through AFoSR support, the feasibility of the sensor to investigate failure of bimaterial
joints is carried out at room temperature. Interfacial crack tip deformations have been measured
in elasto-plastically deformed solder-copper joints. The optical measurements are examined
along with companion 2-D and 3-D elasto-plastic finite element simulations. Experimental
measurement of elasto-plastic deformations near interfacial cracks are reported for solder-copper
joints (figure 31). In the region y > 0 (solder half), 3-D deformations seem to dominate over /B
< 0.5 (r is the radial distance from the crack tip and B is the sample thickness) and along the
interface. Due to the absence of explicit elasto-plastic interfacial crack tip solutions at the
moment, the existence of a region of HRR-like deformation field is investigated and found to
prevail over 0.5 <#/B <0.75 ahead of the crack (see figure 32).
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Figure 31. Fringe pattern near a soler-copper interface crack tip obtained using infrared
interferometry. Note the severe asymmetry in the fringe patterns relative to the crack due
to combination of elastic mismatch and intense plasticity effects. '
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Figure 32. Crack tip three dimensionality and J-dominance in a solder-copper bimaterials
beam: (a) plot of normalized displacements, (b) comparison of optical measurements with

HRR prediction.
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IIL.4.b. Strain Gage Method for Measuring Interfacial Fracture Parameters in Bimaterials

A technique for complex stress intensity factor (SIF) determination for bimaterial cracks
using electrical strain gages has been developed. The asymptotic radial and hoop strain
equations are used to compute SIF by linear transformation. The location of the strain gage
relative to the crack tip is chosen through parametric study of asymptotic fields. The need for
taking into account non-singular contributions to the crack tip strain field to accurately measure
the magnitude and the phase of complex SIF is demonstrated. Low velocity impact experiments
are conducted in bimaterial beams rade by joining epoxy and glass-filled epoxy halves. During
the experiments, these samples are loaded in three-point-bending configuration and the history of
impact force and support reactions are measured and used as inputs in a dynamic finite element
analysis. The simulations correspond to a dynamically loaded stationary crack tip. The
computed and measured fracture parameters show good agreement until the time of crack
initiation as shown in figure 33.
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Figure 33. Comparison of measured strain and stress intensity factor results with
FEA.
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IIL4.c. Bimaterial Joints with Similar Elastic and Dissimilar Plastic Characteristics

Fracture behavior of brittle dissimilar material interfaces using the notions of complex
stress intensity factor and mode-mixity is widely studied in the literature. On the contrary,
progress in understanding the plasticity effects on the interfacial fracture has been rather modest
despite its practical significance in a wide range of dissimilar material systems. The work in this
area has largely remained analytical/numerical in nature and experimental investigations are
needed to further relate the local and global parameters and gain insight into the crack initiation
and growth behaviors as in case of élastic counterrarts. A detailed experimental study of the
similarities (or the differences) of crack tip fields, mode-mixity, J-dominance, crack growth
resistance, to name a few, would be valuable for modeling interfacial crack initiation and crack
growth. To this end, an experimental effort on interfacial fracture behavior of bimaterials that are
elastically similar but plastically dissimilar is considered. The research is aimed at gaining
insight into the asymmetries introduced by plasticity parameters near the interfacial crack tip in
bimaterial specimens that are dissimilar in their plastic characteristics but identical elastically.

Bimaterial samples were prepared by diffusion bonding different aluminum alloys with
different heat treatments. Samples with (a) different yield stress but similar hardening exponent
and (b) different hardening exponent but similar yield stress were prepared using the diffusion
bonding method of transient liquid phase bonding. This allows delineation of the influence of
individual material non-linearity parameters on interfacial fracture mechanics by studying
elastically similar but plastically dissimilar bimaterials. Specifically, aluminum alloys namely
Al 6061-T6 and Al 7075-T6 rolled stock was considered for the situation with different yield
stress but nearly identical (low) hardening exponent. The combination of rolled and extruded
stock of 6061 was used to realize the bimaterial combination with identical yield stresses but
different hardening exponents. Bimaterial samples of ihis material combination were prepared
using a 100 um thick zinc foil as the interlayer material. The low melting point of zinc (420°C)
allowed a rather low bonding temperature (500° C in this case). The bonding was performed in a
Gleeble-1500 under vacuum conditions utilizing rapid thermo-mechanical cycling capability,
servo-hydraulic loading system and direct resistance heating. The samples were characterized
using light microscopy, scanning electron microscopy, Xx-ray spectroscopy and Vickers
microhardness. High energy dispersive x-ray spectroscopy revealed that aluminum and zinc
mainly concentrated near the bond line with zinc concentration decrease rapidly. Entry of zinc
into the Al 6061 and Al 7075 substrates did not have discernable effect on the substrate
microstructures. Meanwhile, zinc diffusion into the substrates did serve to reduce the average
center-line zinc content to 4 at.%. Plots from the microhardness tests are shown in figures 34
and 35 showing sharp change in the values across the bond line in Al-6061/A1-7075 bimaterial
and nearly flat response for the case of Al-6061 (rolled stock)/Al-6061 (extruded stock).
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Microhardness of 6061/7075 bonding
(Bonding line: X=4.25)

Microhardness, HV

Figure 34. Microhardness profile of the joint between Al-6061 and Al-7075 showing abrupt
change at the interface.

Microhardness of 6061E/6061P bonding
(Banding fine: X=3.70)

Microhardness, HV

Figure 35. Microhardness profile of the joint between rolled and extruded Al-6061
showing a smooth transition.
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